Abstract. In this work, p[anar micromachined spiral inductive structures with relatively high inductance at low (Hz-kHz) frequencies are designed and fabricated for integrated magnetic microactuator applications and other purposes.
Introduction
Integrated-circuitampatible thin-lilm inductors have application in areas such as filters, oscillators, low-power converters, and on-chip generation of magnetic fields for magnetic microactuation. One difficulty with these Stmctures, however, is the relatively low inductances which can be achieved, typically of the order of hundreds of nanohenria (W) to several microhenries (pH) . Due to the relatively low values of inductance, most previously fabricated structures have been operated in the VeIY-high-frequency regime, for example as passive components in microwave circuits.
Several spiral-type inductive components have been reported previously.
In these structures, spiral conductors are placed on an insulated substrate [l- 31, a magnetic substrate [4,5l, or between top and bottom magnetic this films [6] . Due to the geometrid characteristics of the spiral, the fluxes generated in the absence of magnetic cores will be spread throughout the surface of the substrate.
These fluxes are composed of two components which are either parallel or perpendicular to the surface [3] . Accordingly, it is diflicult to guide the magnetic flux to a specific point in such a structure without using a magnetic core. Such 0960-1317i93/020037+08$07.50 @ 1993 IOP Publishing Ud flux guidance js required for magnetic microactuators such as those realized recently p, gl.
One of the earlier applications of the spiraltype inductive components was integrated magnetic recording heads, which have been investigated since the 1970s. In the magnetic head, a stack of spiral conductors is deposited on the magnetic core layer, on top of which magnetic layers are successively deposited to build magnetic legs, completing a closed magnetic Circuit are required to achieve a high inductance and a high magnetic flux density, which significantly increases the resistance of the conductor coils due to the increased coil length. Thus, the usefulness of this structure as a basic inductive component for magnetic microactuator applications depends on how the resistance of the conductor coils can be reduced, while achieving low reluctance in the magnetic circuits. Although a few magnetic microactuators with spiral inductive geometry without magnetic cores have been reported [7,8], such inductive structures cannot easily guide flux to a single point for microactuator applications. m e r e are two major difficulties that must be overcome in order to improve the usefulness of this geometry. First, closed magnetic circuits must be completed using a thick magnetic material with high permeability to reduce magnetic reluctance and to minimize magnetic field interference (making the adhesion of the thick magnetic layer a concern). Second, the spiral conductor must have as small a resistance as possible to reduce power consumption in the conductors.
In the work described in this paper, these limitations have been overcome by using micromachining fabrication techniques to build a spiral-type inductive component that is composed of completely closed magnetic circuits and thick conductor lines. The magnetic flux generated from the spiral coils is confined by the closed magnetic circuit, which ensures better flux linkage between spiral coils and the magnetic circuit, thus resulting in a maximum inductance and minimum eleetromagnetic field interference (EMI). Considering the magnetic flux path in the spiral inductor, which is encapsulated with magnetic cores, the magnetic flux produced from the spiral coils will be concentrated at the centre core pole, flowing through the bottom core (or the top core), the outer core cylinder, and the top core (or the bottom core) in the series. If a small air gap is introduced between the top core and the centre core pole, magnetic force can be generated at the air gap when a current 38 is applied to the spiral coils. Fortunately, air gaps and movable mechanical structures can be easily inserted in this structure as part of the magnetic circuit by using surface micromachining techniques and sacrificial layers. If the top core is released from the top of the centre core pole as a movable membrane or a deflectable cantilever beam, several planar microactuator applications of this inductor such as micropumps, microvalves, and microrelays are to be expected due to their structural similarities. Because of the large core reluctance in magnetic microactuaton, the magnetic reluctance due to a small air gap inserted in the closed magnetic circuit is usually comparable to or less than magnetic core reluctance [12,14]. Thus, the air gap inserted in this geometry may not break the tight flux linkage between the coils and the magnetic circuits, consequently reducing EMI.
Devlce concept and model
The major concerns in designing this type of inductor are to achieve a high inductance, a low coil resistance, and a low magnetic field interference, thereby maintaining a high Q factor. Increasing the number of spiral turns increases the inductance; a multilayer approach to increase the number of turns can be used. Upper and lower spirals are connected through a metal via connection in order to construct the doublelayered planar spiral coils. If magnetic cores with a high permeability encapsulate double-layer spiral coils, thus constructing a closed magnetic circuit, the inductance value achieved is increased due to the low reluctance of the interlinked magnetic circuit between coils and cores. Accordingly, the magnetic field interference can be minimized, confining the magnetic fluxes to the closed magnetic circuit. A spiral structure design to satisfy these requirements is shown in figure 1 , where spiral conductance lines arc completely encapsulated (
1)
The inductance, Lz, in path 2 is expressed as:
The internal self-inductance of the coil, Li, can be written as:
where It denotes the total length of the double-layer coil which can be simply defined from figure 2 as:
Finally, the total inductance L obtained from the
summation of these inductances can be expressed as:
It is useful to substitute typical micromachining geometries into the above model. Fbr a = 1346 pm, c = 508 pm, d = 30 pm, N = 18.5, t , = 8 pm, Planar micromachlned spiral lnductw The resistance of the double-layered spiral coils can be calculated using the total spiral length from equation (4), where p is the resistivity of the conductor which is assumed to be approximately 3.5 p R cm, w and t denote the Width and the thickness of conductor respectively. The resistance evaluated from equation (6) is about 202.5 R.
From equations (5) and (6), the Q factor of this inductor can be expressed as:
From (6) it is evident that when the thickness of the conductor lines is increased, the conductor resistance is reduced. Also, L1 and Lt are not greatly affected by gap variation between the upper and the lower cores resulting from variation of conductor thickness.
As a result, the increase in Q-factor resulting from increasing the conductor thickness is due mainly to the decrease of conductor resistance. Unfortunately, the achievable double-layered spiral conductor thickness is fabrication-limited, since the thick conductors produce a poor surface planarization which causes difficulties in the photolithography process for the next layer. The relationship between the conductor thickness and the Qfactor using the equations above are shown in figure 3 , which shows that the Q-factor increases almost linearly as the thickness of the conductor is increased.
C H Ahn and M 0 Allen If the thickness of the closed magnetic core i s increased, the resulting inductance value L1 is also increased, since the magnetic reluctance in path 1 is decreased. The Q-factor is affected by L1, since it is a function of the thickness of the closed magnetic core. From this evaluation, it is found that both the inductance value and the Q-factor increase when the thickness of the magnetic core is increased. When a planar inductive component is fabricated monolithically with integrated circuits, the area occupied by the planar inductive component must be limited. In a given area (Le. for the given length of a in this model), the number of spiral-coil turns and the resistance are varied as the conductor width ( w ) is changed. The dimension of the center magnetic core (i.e. defined as c in this model) also affects the area that can be occupied by the conductors. Using equations (6) figure 4 . From this evaluation it is verified that the Q-factor has a larger value for smaller conductor widths. The inductance value is proportional to the square of the number of coil turns (i.e. the square of the width variation) but the resistance is linearly proportional to the width variation.
B find the maximum Q-factor for a conductor width w at the optimized dimension of c, w is varied from 2 pm to a quarter of a (which ensures at least two spiral turns). The Q-factor has maximum values at around c = 216 p m and w = 100 pm for a typical device 3 mm x 3 mm in area.
The following considerations affect the choice of dimensions to achieve a maximized Q-factor for a given area: (i) the Q-factor increases with the conductor thickness; (ii) the Q-factor increases with the core thickness; (iii) the Q-factor increases as the conductor width decreases; (iv) there is an optimal conductor width for a given center core width and area.
Magnetic material deposit1011 and characterization
In designing a planar inductive component, magnetic material properties measured from bulk-type magnetic 'Est samples were prepared using surface micromachining techniques to meet the in-situ measurement requirement. The fabrication sequence used, which is similar to the fabrication steps described later in this paper, is shown in figure 5 . This fabrication was performed using the fabrication mask sets also to be used in the fabrication of actual magnetic components. Thus, the prepared test samples had exactly the same sizes and the geometries as the magnetic films used in the micromachined magnetic components. The geometry of test samples prepared for in-sifu measurement in this research was of thin-film type, and the same as that of the bottom magnetic core of the inductor to be fabricated.
The measurements of the material B-H curves were obtained from magnetization versus applied field curves obtained using a susceptometer-magnetometer (model '722.5, Lake Shore Cryotronics Inc). Figure 6 illustrates the results of the high-field measurements for the thin-film type geometry. From the B-H values calculated from the values shown in figure 6 , the thinfilm type magnetic core is Saturated at approximately 0.65 T and the evaluated relative permeability pr is approximately 15LL300 in the linear region. We have measured pr from 100-900 using this technique. It should be emphasized that the above calculation assumes zero demagnetization effect. Note that Planar micromachined spiral inductor the relative permeability and flux saturation at high frequencies may have different values from those obtained at low frequencies in this section.
Fabrication
The fabrication steps of this component are shown in figure 7 . The process started with oxidized (0.6 pm) For the lower spiral conductor, 7 pm of aluminium was DC sputtered onto the polyimide and patterned using conventional lithography and phosphoric-aceticnitric (PAN) aluminium etching solution. In order to insulate the conductor line and replanarize the surface, more polyimide was deposited in multiple coats (as described above). TWO coats of polyimide were deposited and cured as described above, yielding approximately 6 pm of polyimide. ' Ib connect the lower spiral coils to the upper spiral mils, a via hole was then dryetched through the polyimide layer using 100% 42 Flgure 9. Photomicrograph of the inductive components with (left side) or without (right side) a magnetic mre, where both components are fabricated simunaneously on the same substrate.
oxygen plasma and an aluminium hard mask. After removing the aluminium hard mask, 7 pm of aluminium was DC sputtered and patterned again as described for the lower spiral coils. TWO coats of polyimide were deposited and cured, achieving an insulator for the conductor and a planarized surface.
'lb complete a closed magnetic circuit, magnetic vias were etched both at the center and at the outside of the spiral coils using the same technique as described above. Upon completion of the via etch, the surface of the magnetic core was oxidized because the bottom magnetic core was exposed to the oxygen plasma during dry etching. ' Ib remove the oxide film, the exposed areas of the bottom magnetic cores were etched in a 2% hydrofluoric acid solution for U) s. Contact was then made to the bottom magnetic core, and the vias were Idled with Ni-Fe using the electroplating bath and conditions described previously. Upon completing of the electroplating, the magnetic vias were coated with a single layer of polyimide spun on the wafer at 5000 rpm and cured. The top magnetic core was then plated over the magnetic vias, completing the magnetic circuit. ' RI electroplate the top cores, an evaporated nickel seed layer was defined between the magnetic vias using a lift-off technique. After the construction of the photoresist plating mold, top magnetic cores were plated using the electroplating conditions described above. Bonding pads were then opened though polyimide layers for the electrical test using the via etch process sequence described earlier. The photomicrographs of the fabricated spiral inductive components with or without an encapsulating magnetic core are shown in figures 8 and 9 respectively. The scanning electron micrograph of the structure with a magnetic core is shown in figure 10 , which was taken after dry-etching of the polyimide. Finally, samples were diced into chips for bonding and testing as shown in figure 11. for two planar spiral inductor structures, one with a magnetic core and the other without a magnetic core, is shown in figure 12 . The magnetic core has increased the inductance by a factor of 4-5 compared with the structure without the magnetic cores. The obtained inductance of 2.2 pH mm-' at 10 lrHz is one of the highest inductance values that has been achieved in an integrated planar inductive component. It should be noted that the increase in inductance falls off at frequencies above 3 MHz, presumably due to the decreasing permeability of the Ni-Fe permalloy at higher frequencies. ' RI reduce the conductor resistance, aluminium was deposited using DC sputtering to a thickness of 7 pm, which still allowed subsequent planar geometric values for a maximum Q factor from the previous section will be useful in the design of this inductive component The achievable maximum Q factor at low frequencies around 10 lcHz from the optimized geometry is expected to be 10-20. However, in realizing an actual magnetic microactuator using the spiral inductor with magnetic cores, the highest Q factor may not be as important as the lowest conductor resistance.
Device performance
In order to evaluate the capacitance of the inductor, an equivalent circuit was assumed as shown in figure 13 , and the resistance and stray capacitance of the inductor were derived from the measured impedance and phase as a function of kequency using equivalent circuit analysis. From this analysis for a typical %-turn, 3 mm x 3 mm inductor, the stray capacitance was shown to be in the several tens of picolhrads, and to have a negligibly small effect over the low frequency ranges used. The 
Conclusions
In this work we have designed and fabricated planar micromachined inductive components with relatively high inductance at low W-kHz) frequencies for integrated magnetic microactuator applications and other purposes. W O types of multilayer micromachined inductors have been investigated. The first structure is a standard planar inductor spiral without a magnetic core. We have added to this structure an electroplated high-permeability Ni-Fe central magnetic core, which concentrates flux and completely encapsulates the windings, thus " i i g magnetic interference. For a typical %-turn device 3 mm x 3 mm in area, an inductance of approximately 20 pH was obtained. The presence of a magnetic core increases the inductance with respect to similar structure without a magnetic core by a factor of 4-5. This increase, although significant, is less than expected due to the winding-to-winding leakage flux. It should also be noted that the increase in inductance falls off at higher frequencies, presumably due to the decreasing permeability of the Ni-Fe core at high frequencies. The specific inductance of this structure (inductance per unit area) is 22 p H at 10 kHz, which is one of the highest inductance =lues achieved in an integrated planar inductive component at low frequency. 
